The purpose of this work is to provide a biomechanical model to investigate the interplay between cellular structures and the mechanical force distribution during the elongation process of Caenorhabditis elegans embryos. Epithelial morphogenesis drives the elongation process of an ovoid embryo to become a worm-shaped embryo about four times longer and three times thinner. The overall anatomy of the embryo is modelled in the continuum mechanics framework from the structural organization of the subcellular filaments within epithelial cells. The constitutive relationships consider embryonic cells as homogeneous materials with an active behaviour, determined by the non-muscle myosin II molecular motor, and a passive viscoelastic response, related to the directional properties of the filament network inside cells. The axisymmetric elastic solution at equilibrium is derived by means of the incompressibility conditions, the continuity conditions for the overall embryo deformation and the balance principles for the embryonic cells. A particular analytical solution is proposed from a simplified geometry, demonstrating the mechanical role of the microtubule network within epithelial cells in redistributing the stress from a differential contraction of circumferentially oriented actin filaments. The theoretical predictions of the biomechanical model are discussed within the biological scenario proposed through genetic analysis and pharmacological experiments.
Introduction
Caenorhabditis elegans (C. elegans) is a free-living nematode (a roundworm), which is heavily used as a biological model because of its simplicity, rapid growth rate (3.5 days from fecundation to adult form) and its transparency. Elongation of the C. elegans embryo is the biological process during which an *Author for correspondence (benamar@lps.ens.fr).
ovoid embryo with 556 cells becomes a worm-shaped embryo about four times longer, from 60 to 250 μm long, and three times thinner (Chisholm & Hardin 2005) . This process, which lasts approximately 2 h, does not involve any cell division, nor any change in cell position. It is driven by cell shape changes of epidermal cells and the underlying muscles.
The purpose of this work is to model the epithelial morphogenesis during C. elegans embryonic elongation, investigating the structural role of the subcellular filaments during the process. The biomechanical problem is defined using the fundamental assumption that the embryo may be considered as having a piecewise continuous distribution of matter in space and time. This hypothesis implies that the embryonic cells can be considered as an assembly of continuum bodies, i.e. made of a continuous set of material points having macroscopic dimensions that are much larger than intercellular spacings (Lim et al. 2006) . The mechanical properties of the cell are largely determined by the cytoskeleton (Kasza et al. 2007) . The continuum approach considers the embryonic cells as biopolymeric networks of their three major structural filaments: F-actin, intermediate filaments (IFs) and microtubules (MTs). Two important parameters for determining the mechanical contribution of biological filaments inside the cell are the so-called persistence length l p , defined as the typical length for the decay of tangent-tangent correlations, and the contour length l c . Polymer theories consider a filament rigid when l c l p and flexible (or purely entropic elastic) when l p l c (Boal 2002) . Cellular filaments belong to the intermediate category of semiflexible filaments, having comparable values of l p and l c , and their mechanical behaviour is determined by their network organization and crosslinks (Storm et al. 2005) . IFs have values of persistence length l p in the range of 300 nm to slightly over 1 μm, with a Young's modulus of about 300-400 MPa. Gels of IFs result in a compliant elastic behaviour, but they are capable of withstanding very large deformations before breaking (up to 300%), owing to IFs' unique structure of overlapping α-helical coiled-coil subunits (Wagner et al. 2007 ). F-Actin has a filamentous structure with a diameter of 7 nm, values of persistence length of about 3-17 μm and contour length from 0.1 μm (in vivo) up to 20 μm (in vitro), with a typical Young's modulus of about 1-2 GPa (Chauduri et al. 2007) . The rheology of cross-linked F-actin networks has been extensively investigated (Janmey et al. 1994) , demonstrating that the stiffening contribution of the filaments in tension is sufficiently strong to stabilize the cells. MTs are composed of several tubulin protofilaments assembled with helical symmetry to form hollow cylindrical tubes, with an inner and an outer diameter of about 15 and 25 nm, respectively. Such a structure gives MTs a bending rigidity that is 100 times greater than that of IFs and F-actin, allowing them to accomplish multiple tasks in the cell. The persistence length of MTs has been reported to be 1-6 mm, being tens of times longer than the typical size of a cell, with a Young's modulus ranging from 0.1 to 7 GPa . Although highly resistant to thermal fluctuations, MTs inside cells have been visualized with localized bends of only a few micrometres, suggesting that they experience compressive non-thermal loads (i.e. arising from myosin contractility or from polymerization) that induce short-wavelength buckling phenomena (Brangwynne et al. 2006) . Therefore, MTs are at once very stiff biopolymers if subjected to pulling forces and highly resilient structures in order to resist strong contractile forces. In the following, the structure of the C. elegans embryo and the subcellular anatomy of its constituent cell families are discussed in §2. The kinematic and constitutive description of the embryonic elongation process in the continuum framework is derived in §3, accounting for the active and passive responses of the biological networks. The axisymmetric solution at thermodynamic equilibrium is presented in §4, discussing the role of cellular filaments in the distribution of forces during the elongation process. Finally, §5 discusses the results of the biomechanical model, with a particular focus on the theoretical guidelines for future experiments.
Structure and subcellular anatomy of the Caenorhabditis elegans embryo
The embryo is composed of an outer epidermal layer, an inner digestive tube running from head to anus in the tail, four rows of muscles located between the epidermis and the digestive tract, and many neurons that are mostly located in the head and account for the larger head diameter. The cellular anatomy of the elongating C. elegans embryo is depicted in figure 1 . During the first part of elongation, the embryo is slightly conical, as its head has a larger section compared with its tail. During the second part, its section is more regular from head to tail, except at the termini. posterior two-thirds of the embryo; the other syncytia are located in the head and are smaller (for details, see http://www.wormatlas.org/handbook/hypodermis/ hypodermis.htm). Lateral cells (also called seam cells) and the central ventral cells do not fuse. The presence of large syncytia must have a very significant influence on the distribution of forces in the embryo. Muscle cells, which are anchored to the ventral and dorsal epidermis through specific structures, do not fuse, although their ultrastructure and organization resemble that of vertebrate muscles.
Epidermal cells are held together through adherens junctions located subapically. C. elegans adherens junctions display all the features of classical adherens junctions; in particular, they include E-cadherin, β-catenin and α-catenin homologues that anchor an actin belt (Labouesse 2006) . In addition, each epidermal cell harbours an array of circumferentially oriented parallel and evenly spaced actin microfilament bundles that are attached to adherens junctions. These microfilaments are initially very short, quite dynamic and become organized in parallel bundles during the first half of elongation (Priess & Hirsh 1986 ), which after mid-elongation appear to run from one junction to the next; the precise organization of actin microfilaments within these bundles is not known and might be different in different cells. There are also circumferentially oriented parallel MTs in dorsal and ventral cells, although there seems to be no direct connection between MTs and junctions. In contrast, MTs in lateral cells are not circumferentially oriented until the end of elongation and form a circular network parallel to all junctions (Priess & Hirsh 1986) .
A cross section of the embryo, showing its internal anatomy and the mechanisms of muscle attachments, is shown in figure 2. Muscle cells are anchored to the extracellular matrix (ECM) separating them from the basal plasma membrane of the dorsal and ventral epidermis (Labouesse 2006) . At those positions, the epidermis assembles two inverted hemidesmosome-like junctional complexes facing each other, one at the basal surface in contact with muscle ECM and the other at the apical surface in contact with the outer ECM. The hemidesmosome-like junctions include a plectin/BPAG-1e homologue (called VAB-10A) and IFs, like in vertebrates (Bosher et al. 2003; Woo et al. 2004) ; however, ECM receptors are distinct from integrins. The outer ECM corresponds to a molecularly ill-defined embryonic shield during elongation and the cuticle afterwards. The epidermis is very thin at the level of hemidesmosomes (typically 50-100 nm thick), such that muscles are effectively anchored to the cuticle and can transmit their contractions to the body to generate movement. In the following, a biomechanical model in nonlinear elasticity is built in accordance with the structural organization of the subcellular filaments within the epithelial cells and with the overall anatomy of the C. elegans embryo.
Biomechanical model of the embryonic elongation (a) Geometry of the embryo and kinematic description
Let Ω 0 be the fixed reference configuration of the embryo in the not-elongated state at t = 0. The geometry of the epidermis of the C. elegans embryo is described in the reference configuration by a simplified model composed of: (i) a truncated spherical head having an internal radius R h , an opening angle φ h = π/2 + α and thickness H h ; (ii) a truncated cone body of circular section (made of the dorsal, the lateral and the ventral cells referred to by the subscripts d, l and v in the following, respectively) having a head internal radius R 0 = R h cos α, a total length L and a tail internal radius 
; and (iii) a truncated spherical tail having an internal radius R t = R 1 cos α, an opening angle φ t = π/2 − α, and thickness H t .
The biological matter inside the embryonic shell is supposed to be homogeneous, and it is referred to with the superscript m in the following. The description of the deformation can be defined by a mapping χ : Ω 0 → 3 that transforms the material point X ∈ Ω 0 to a position x = χ(X, t) in the deformed configuration Ω.
The deformation tensor F is defined as (Fung 1981 )
where Grad indicates the gradient in material coordinates. The material time derivativeḞ of the deformation tensor F is defined aṡ
and gives the time rate of change of the deformation, the material velocity gradient being Grad V. Most constitutive relations in finite elasticity associate the state of deformation with components of the right and the left Cauchy tensors, defined as C = F T F and b = FF T , respectively. Considering a generic unit vector a 0 in the reference configuration that is deformed to a vector a in the current configuration, the length λ a of the deformed vector a can be expressed as
The (right) C and (left) b Cauchy deformation tensors express a fundamental strain measure in terms of material and spatial coordinates, respectively. The change between the infinitesimal volumes dV and dv, measured in the reference and deformed configuration, respectively, is given by
where J is the determinant of the deformation gradient F, being positive to respect the principle of impenetrability of matter. Being composed primarily of water, the embryonic cells are assumed to behave as nearly incompressible materials (Caille et al. 2002) , so that det F = 1.
(b) Constitutive relationships for the active and passive responses of the embryo
The determination of the material response of the elongating embryo requires knowledge of the mechanical response of continuum body undergoing finite deformations. Together with kinematic, stress and equilibrium equations, the constitutive equations for the materials are necessary to describe the state of stress and deformation inside the body. In the following, we will use the assumption that cells are made of homogeneous material, using constitutive laws that are not dependent on the position of the material point.
The expression of the free energy of the generic cellular aggregate i (i = d, l, v) can be decoupled into the sum of a chemical contribution ψ i ch , due to the fluxes of monomers and motor molecules that generate active forces, and a mechanical contribution ψ i mech , due to the passive response of the material. The non-muscle myosin II is the main molecular motor involved in epithelial morphogenesis during C. elegans embryonic elongation (Ding et al. 2004) . Even if MTs are highly dynamic structures undergoing polymerization and depolymerization phases on the time scale of seconds (Desai & Mitchison 1997) , and their dynamic activity in other biological processes seems to be related to the transport of key regulators of the activation of the actin-myosin II complex (Dawes-Hoang et al. 2005 ), they will be considered as passive filaments in the following. The non-muscle myosin II is an actin-based molecular motor: myosin II molecules, when bound to the antiparallel actin filaments attached to adherens junctions, consume adenosine triphosphate (ATP) and cause the motion of actin filaments, sliding past each other (Quintin et al. 2008) . From a phenomenological point of view, the chemical free energy ψ i ch can be expressed as a function of the chemical potential difference μ i between ATP and its hydrolysis products, adenosine diphosphate plus an inorganic phosphate, and the polarization field p of the actin filaments, defined for each filament as the average of the unit vectors pointing to one end in a small volume around each point (Callan-Jones et al. 2008) . From the constitutive equation of active polar gels, whose extensive derivation has been proposed by Kruse et al. (2005) , the active Cauchy stress σ i act ( μ i , p) generated by the circumferential actin bundle in the embryo epithelial cell can be expressed as (3.5) where p = e θ , the unit vector in the circumferential direction, and ζ is a material coefficient of the cytoskeleton characterizing the actin-myosin activity, being negative for contractile molecular motors. Let us consider the epithelial cells as viscoelastic materials having an internal structure with a number m of dissipative phenomena that can be associated with internal tensor variables Γ α , α = 1, . . . , m.
Considering an isothermal process, the free energy function ψ i mech related to the passive mechanical behaviour of the generic cell family i, considered per unit of reference volume, can be expressed as (Holzapfel & Simo 1996) 
if and only if the following inequality holds:
expressing the Clausius-Duhem form of the second law of thermodynamics for the internal dissipation Π i int , as a function of the internal strain ratesΓ α , where the : operator indicates the double contraction between tensors. Such a fundamental inequality must be satisfied by a suitable set of evolution equations for the non-equilibrium stresses Q α , requiring that Q α | t→∞ vanishes in the state of thermodynamic equilibrium.
The simplest mechanical description for the viscous behaviour of a living cell is given by the Maxwell model, leading to the following evolution equation:
where τ α is the typical relaxation time, ψ i α (C) is the free energy corresponding to the α dissipation process and
Recent experimental studies on living cells under dynamic loading have demonstrated that the viscoelastic behaviour of the cytoskeleton cannot be fully captured by a single relaxation time. The dynamic rheological properties of cells were reported using power-law structural damping models, exhibiting a continuum spectrum of relaxation times (Lim et al. 2006) . A discrete approximation of such experimental behaviour can be proposed by considering the proper number of Maxwell models with different relaxation times in parallel. However, a single Maxwell model, having a relaxation time corresponding to the higher value determined in experimental tests, can be used for the purpose of our analysis. Such longest relaxation time has been reported to be in the range 10-40 s for different cell kinds (Jülicher et al. 2007 ), allowing us to define an appropriate time limit after which the viscous contribution can be neglected and a state of thermodynamic equilibrium can be assumed.
From the constitutive viewpoint, each cell family i in the following is treated at its thermodynamic equilibrium as a composite hyperelastic material, so that its strain energy function ψ i eq can be decomposed into the sum of an isotropic term ψ i ISO and an anisotropic term ψ i ANISO as follows (Gasser et al. 2006) : 10) where I k are the kth invariants of the tensor C (k = 1, 2, 3), and the incompressibility condition is expressed by means of the internal constraint
Constitutive relationships accounting for anisotropy are far more complex than isotropic ones, being difficult to describe by a unified theory. A particular case of anisotropy, viz. the directional reinforcement over an isotropic matrix, is often encountered in the finite deformations of composite materials. Given a i 0 the (reference) unit vector indicating the direction, obtained by homogenization of single fibres, of the anisotropic reinforcement within the cell type i, the strain energy function must add a dependence on the structural tensor A i = a i 0 ⊗ a i 0 , as expressed in equation (3.10). A mechanical theory of anisotropic reinforcements has been proposed for fibrous materials, which adds a set of pseudo-invariants describing the directional reinforcement. The pseudo-invariants of C and A i define the stretch measure along fibre reinforcement, being defined as
The Cauchy stress tensor for a fibre-reinforced, incompressible material can be expressed as (Ciarletta et al. 2008 )
where q i is the Lagrange multiplier to restore the incompressibility condition, C (F) = 0. In the case of multiple directional reinforcements, further pseudoinvariants must be added to account for anisotropic mechanical coupling. The mathematical treatment of this coupling has been developed by Spencer (1984) , providing an extensive theory of multiple reinforcements.
The biophysical literature is filled with studies concerning the mathematical representation of the mechanical behaviour of soft biological networks undergoing finite strains. Theories for determining the force-extension response of semiflexible filaments have recently been proposed, accounting for thermal fluctuations and elastic bending energy (Karpeev et al. 2007; Purohit et al. 2008) . The strain energy density of a network of F-actin has been related to the dynamics of single molecules and to the overall density of filaments in an idealized network connectivity and structure, demonstrating that cross-link concentration plays a major role in determining the mechanical stiffness of the network (Gardel et al. 2004) . A generic competition exists between filament stretching and cross-link shearing, leading to distinct scaling behaviours with respect to bundle dimensions and molecular composition (Bathe et al. 2008) .
In order to define suitable mathematical functions for the strain energy at thermodynamic equilibrium, besides the requirements of growth compatibility and material frame indifference, the issue of material stability has to be taken into account for maintaining integrity during elastic deformations (Schröder & Neff 2003) . Possible criteria for stability may be derived by imposing the strongellipticity condition or the polyconvexity of the strain energy function (Ehret & Itskov 2007) . Although beyond the scope of this study, these mathematical arguments are fundamental for demonstrating a global existence theory for the elastic solution.
(c) Balance principles and axisymmetric solution
The elastic solution for the problem of the elongation process of the C. elegans embryo is defined as the displacement field associated with the deformation gradient F that is compatible with the kinematic requirements and that fulfils all of the balance principles for each biological constituent, through the introduction of the proposed constitutive equations. Denoting the set of cylindrical coordinates in the initial configuration by (R, Θ, Z ), the solution of the elastic problem is the compatible and self-equilibrated (in the sense mentioned above) position field r = r(R, Θ, Z ), θ = θ(R, Θ, Z ), z = z(R, Θ, Z ) in the current configuration. The determination of an analytical solution requires the introduction of few basic assumptions to reduce the complexity of the elastic problem. Adopting the hypothesis of the continuum theory, the process of embryo elongation proceeds at approximately 100 μm h −1 for a period of about 2 h (Ding et al. 2004) , and it can be assumed to occur in a quasi-static manner.
General assumptions about the symmetry properties of the elastic solution can be considered to impose the geometrical properties of a compatible deformation field. As the embryo elongates by a factor of four, at a reasonable distance from both ends (at a distance about that of the deformed radius), the deformation of the embryo can be assumed not to be dependent on Z , with r = r(R, Θ) and θ = θ(R, Θ). Moreover, the cylindrical section remains planar, so that z = z(Z ). The experimental observations of the embryonic elongation process allow us to consider the hypothesis that the sections of embryo (with respect to the deformed axis of symmetry) remain circular in the deformed configurations, as shown in figure 3 . The global incompressibility requirement for each cell family i can be expressed as 12) while the continuity condition of the embryonic deformation at the interfaces between different cell families imposes that
(3.14)
Here r 1 and R 1 indicate the internal radius in the deformed and the undeformed configurations, and θ i in and θ i fin are the space-dependent functions expressing the initial and final angular coordinates for each cell family in the deformed configuration.
Similarly, the global incompressibility and continuity conditions applied to the inside biological matter are given by
An admissible solution of the elastic problem is given by the following deformation fields for the inside mass m, and the generic cell family i:
17) The deformation tensors associated with such admissible deformation fields are the following: 19) which respect the local incompressibility constraints, (m, d, l, v) . Through the constitutive relationships in equations (3.5), (3.7) and (3.10), the stress fields inside the embryo at thermodynamic equilibrium are given by Applying the momentum balance principles for the body, the equilibrium imposes the following equalities to the Cauchy stress tensor σ and the first Piola stress tensor P:
where (div, m, ρ) and (Div, M, ρ 0 ) are the divergence operator, the volume body force and the density in the current and reference configuration, respectively. The slow elongation rate is supposed to create a negligible inertial force for the embryo. The body forces related to the mass and the friction effects are also considered irrelevant compared with the stress exerted in the elongation process. The reduced equilibrium conditions, div(σ δ ) = 0, are simplified by the fact that the stress fields are diagonal. For the stresses acting in the plane (r, θ), the equilibrium equation can be expressed as Given the hollow geometry of the embryonic epidermis, the equilibrium equation for the stress admits the variability of q i along the radius for the generic cell type i. The value of the hydrostatic pressure q i (r) is given, from equation (3.25), by The elastic solution is the set of parameters (G i , J i , λ z ) describing the deformation field of the elongating embryo: it is given by the system of nonlinear equations made by the constitutive relationships in equations (3.5), (3.7) and (3.10), the incompressibility conditions in equation (3.12), the continuity of deformation in equations (3.13) and (3.14), and the equilibrium equations for the embryo in equations (3.27) and (3.28).
A particular analytical solution: the mechanical role of cellular filaments during embryogenesis
In order to get an easier analytical expression of the solution for the biomechanical model for the C. elegans embryo, we focus on solving the simplified problem where the dorsal and ventral cell rows have the same geometrical distribution and the same mechanical properties. This assumption adds another plane of symmetry to the problem (thus, reducing the complexity of the system of nonlinear equations), and it allows an analytical description of the role of the directionally oriented cellular filaments in the determination of the final shape of the elongating embryo. For simplicity, the isotropic strain energy functions of the cell families and of the inside biological matter are considered as neo-Hookean materials, as follows:
where c l, v, m) are positive material parameters. Moreover, the inside mass is modelled as a passive isotropic material, neglecting the mechanical effect of anisotropic structures that could be detected inside.
The passive anisotropic response of the epithelial cells at thermodynamic equilibrium is mainly caused by the spatial orientation of the MTs. Continuum elastic beam models of MT buckling in living cells have demonstrated that the buckling wavelength is determined by the interplay with the nonlinear elastic biopolymeric network in the cell, while the buckling amplitude and growth rate are set by the viscous properties of the cytosol (Li 2008) . In particular, nonequilibrium analysis of the MTs' buckling spectrum has reported that even large compressive forces between cells cause short-wavelength MT fluctuations, while the long-wavelength modes are frozen in by the constraints given by the surrounding cellular network (Brangwynne et al. , 2008 . The dynamic behaviour of the short-wavelength regime deviates from the predictions of the worm-like chain model, resulting in a complex dependence of the bending stiffness on the filament length (Taute et al. 2008) . Such a length dependence of flexural rigidity is attributed to the low shear modulus of MTs (six orders of magnitude lower than the longitudinal modulus) using a Timoshenko-beam model, predicting that MTs of different lengths are able to sustain almost equal maximum compressive force against column buckling (Shi et al. 2008) . In general, bundling of MTs within epithelial cells determines a strong mechanical reinforcement along a preferred direction. MTs stiffen against longitudinal elongation in lateral cells, while they resist contractile myosin forces in the circumferential direction, having a bending stiffness depending on the strength of cross-linkers between individual filaments. The expressions for the anisotropic response of distributed MT network in epithelial cells are simplified in the following in order to obtain an analytical solution for the elastic problem. The anisotropic strain energy functions are described by means of a neo-Hookean reinforcement law in hyperelasticity (Qiu & Pence 1997a) (4.2) and (4.3) are considered as illustrative constitutive relationships of directional reinforcements in nonlinear elasticity, referring to the work of Qiu & Pence (1997b) for the limitations imposed by the elastic stability requirements.
The radial displacement fields from the incompressibility conditions in equation (3.12) can be expressed as
The continuity of the circumferential deformation for the epidermis imposes that
From equations (4.2) and (4.3), the components of the stress tensor Σ i , defined in equation (3.21), can be written for the epithelial cells of the embryo as (i = d, l)
From equation (3.26), the hydrostatic pressures q i (r) in the epithelial cells can be written as:
The terms under the integration in equation (4.9) can be rewritten, using equations (3.19) and (4.4), as
(4.12)
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From equations (4.10)-(4.12), the hydrostatic pressures in equation (4.9) become
( 4.13) For what concerns the biological matter inside the embryonic epidermis, the constitutive relationships from equation (4.1) define its stress functions as
14) 15) while the hydrostatic term q m has a constant value that can be recovered from the boundary condition at r = r 1 ,
Furthermore, the equilibrium in the longitudinal direction in equation (3.27) imposes that
Developing the integral terms in equation (4.17), they can be written as 
Discussion
The continuum model proposed in this study aims to derive an analytic description of the stress fields inside the C. elegans embryo during its elongation process. From a constitutive viewpoint, a free energy function for the embryonic cells has been defined in order to account both for the anisotropic contractile forces of myosin motors and for the passive mechanical behaviour of the cellular networks. The axisymmetric elastic solution of the elongation process at thermodynamic equilibrium is proposed by means of the incompressibility conditions, the continuity equations of the deformation fields and the balance principles for the embryonic cells. A particular analytical solution is derived for the simplified problem where dorsal and ventral cells have the same mechanical and geometrical properties. Using simplified expressions for the anisotropic strain energy functions, the geometry of the elongated embryo is related in an analytic way both to the chemical activities ζ μ i of the actin-myosin complexes and to the material parameters c i 4θ and c i 4z describing the compressive and tensile behaviours, respectively, of the MT reinforcements within epithelial cells. The predictions of the proposed model can be used to evaluate the biomechanical consistency of the elongation mechanisms suggested by the genetic analysis along with pharmacological experiments (Wissmann et al. 1997; Shelton et al. 1999; Piekny et al. 2003; Diogon et al. 2007; Quintin et al. 2008) . The numerical results shown in figures 4 and 5 support the interpretation that the sole non-muscle myosin II contraction in the lateral epidermal cells (square, ζ μ d = 0) is able to trigger embryo shape changes by shortening the circumferential actin filaments in those cells. Accordingly, if the volume of cells is kept constant during actin shortening, the lateral cells elongate along the antero-posterior axis. Meanwhile, the dorsal and ventral cells would stretch passively because they are tightly attached to lateral cells through adherens junctions. Moreover, the proposed model predicts that, if the non-muscle myosin II in dorsal/ventral cells is activated at a subsequent stage, a further embryonic elongation can be achieved. The relationship between the non-muscle myosin II contraction in epithelial cells and the overall embryonic elongation λ z is shown in figures 4b and 5b.
Another important result of the derived elastic solution is that the passive mechanical response of the MT network within epithelial cells is essential to provoke a large finite stretch of the embryo from a contraction of circumferentially oriented myosin motors. Taking into account that MTs are stiff filaments that form bundles within epithelial cells, such bundled networks have anisotropic mechanical responses far stiffer than the bulk characteristics for several kinds of cell, ranging from 1 kPa to 1 MPa (Lulevich et al. 2006) . The key mechanical effects due to the anisotropy of the MT networks can be identified by comparing the numerical results in figures 4 and 5. The elastic solution in figure 5 suggests that the MTs' anisotropy is fundamental to elongate the embryo up to a maximum stretch that is much higher than the one permitted by only considering an isotropic behaviour, as shown in figure 4 . Furthermore, the role of MTs in the dorsal/ventral epidermis may be not only to drive overall elongation but also to evenly distribute forces between cells. The results suggest that the anisotropic properties of the MT networks may determine the change in the position of the adherens junction during the elongation process (i.e. the variation of the angular extension G d over the embryonic stretch; figure 5b ) from an asymmetric activation of non-muscle myosin II among the adjacent cell families. Moreover, the results shown in figure 5 point out that a potential role of MTs is to buffer/protect the embryo against small changes in the distribution and activity of myosin II, since even an important difference seems to have a rather neutral effect.
Some experimental data supporting these theoretical results are as follows: (i) actin depolymerizing drugs block the elongation process, whereas MT depolymerizing drugs induce abnormally shaped embryos that nevertheless can elongate to some degree (Labouesse 2006) ; (ii) mutations inactivating myosin II or its upstream regulator rho-kinase block the elongation process at an early stage (Shelton et al. 1999; Piekny et al. 2003) ; and (iii) a rho-GTPase activating protein acting in dorsal and ventral epidermal cells reduces myosin II activity in those cells (Diogon et al. 2007; Quintin et al. 2008) . Moreover, the mechanical role of IFs in epithelial cells can be explained in the proposed model as a constraining effect that prevents MTs from long-wavelength buckling, contributing to the abnormal elongation of IF-deficient mutants.
Several limitations of the proposed model need to be discussed. Indeed, more recent genetic data suggest that the rho-kinase becomes dispensable midway through embryogenesis (Diogon et al. 2007) , implying that the mechanism inducing F-actin shortening may not solely rely on a rho-kinase/ myosin II pathway afterwards. More importantly, the model neglects the mechanical role of muscles, which become contractile slightly before embryos reach mid-elongation, being essential for completion of the elongation process (Williams & Waterson 1994) . Mutants with defective muscles arrest morphogenesis at mid-elongation, as do mutants with defective hemidesmosomes (Bosher et al. 2003; Woo et al. 2004 ). In addition, once muscles become active, as they are tightly attached to the epidermis at the level of hemidesmosomes, their contraction could potentially induce transient pulses of antero-posterior-directed tension that may induce a relevant deformation of the subcellular network. The specific cause for this phenotype remains unclear, but it points to the need to maintain a close coupling between muscles and the epidermis, and it again raises the possibility that cell shape changes may not solely rely on myosin II contractility stimulated by rho-kinase activity once muscles start to contract.
The theoretical predictions of the proposed model, if combined with the results of the experimental observations, may lead to notable advantages for the interpretation of the morphogenetic processes. Future developments of this study include the use of image processing on the C. elegans embryo, visualized with staining techniques, to measure the variation of the cell shape and of the subcellular structure for all the durations of the elongation process. Once the initial geometrical properties of the embryo are detected, such data can be used to build experimental curves of the deformation fields of each epithelial cell family between the current and the reference configurations, measured at each longitudinal stretch λ z of embryonic elongation. These experimental data from normal and/or defective embryos can be compared with the theoretical predictions, with the aim to analyse the morphogenetic effect of each material parameter of the model. For example, experimental measurements of the values of G d with growing λ z can be used in equations (4.16) and (4.17) to quantify the effect of different concentrations of activated myosin, as reported in recent experimental observations (Diogon et al. 2007) , and of an abnormal MT structure within epithelial cells. Further interesting information could arise from the analysis of the time-dependent spatial characteristics of the elongating embryo. In particular, the elongating embryo can be regarded from a biomechanical point of view as a hydrostatic skeleton where the sequential activation of myosin motors produces a peristaltic wave causing the elongation process. The dynamic properties of this propulsive mechanism could reveal some characteristics of the signal progression in actin-myosin sequential contraction, as well as determine the influence of bulk tribological properties and bending effects on the elongation characteristics. As outlined in the previous paragraphs, several testable predictions can be derived from the equations presented above. First, altering the relative amount of active myosin II in lateral versus dorsal/ventral epidermal cells should not alter the elongation efficiency until the twofold stage. Second, removing MTs in dorsal/ventral cells should be detrimental to elongation efficiency, especially if myosin II becomes limiting in dorsal/ventral cells. Third, modifying the anisotropic distribution of MTs should also alter elongation. Fourth, it will be important to determine if any internal organ, in particular the intestine, plays a passive role due to hydrostatic forces and incompressibility.
Conclusion
The elongation process in C. elegans embryos has been modelled in a continuum mechanics framework to study the morphogenetic effect of the structural cytoskeletal filaments in epithelial cells. This study has aimed at correlating the theoretical predictions of a biomechanical model with the biological scenario proposed through genetic analysis and pharmacological experiments. The modelling of all forces active in each epidermal cell type has suggested that a non-muscle myosin II activation in lateral cells may trigger the embryonic elongation process, while a subsequent activation in dorsal/ventral cells may promote a further stretching. The proposed model has demonstrated that the mechanical ability of MTs to sustain compressive loads in these cells is essential to provoke a finite elongation from a differential contraction of circumferentially oriented actin filaments. Moreover, the compression of the internal content of the embryo has a key role in coordinating the overall epithelial morphogenesis of the embryo. The achieved results demonstrate a step towards validating existing biological observations to model the interplay between embryonic structure and mechanical force distribution during the elongation process. The proposed approach has the potential to drive progress on the challenge to define the feedback mechanisms of mechano-transduction during embryogenesis. Future studies will focus on incorporating the response of cytoskeletal filaments, using experimental techniques probing subcellular deformations, into a multi-scale constitutive description of epithelial cells. Relating the distribution of stress and strain fields within the embryo to the biophysical properties of the subcellular networks will allow for the study of the conversion of mechanical signals into biological and chemical responses. In conclusion, the combination of theoretical modelling in biomechanics with experimental methods in developmental biology represents a promising strategy towards the critical investigation of the pathways controlling the morphogenetic processes.
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